Most plant -pollinator mutualisms are generalized. As such, they are susceptible to perturbation by abundant, generalist, non-native pollinators such as the western honey bee (Apis mellifera), which can reach high abundances and visit flowers of many plant species in their expansive introduced range. Despite the prevalence of non-native honey bees, their effects on pollination mutualisms in natural ecosystems remain incompletely understood. Here, we contrast community-level patterns of floral visitation by honey bees with that of the diverse native pollinator fauna of southern California, USA. We show that the number of honey bees visiting plant species increases much more rapidly with flower abundance than does that of non-honey bee insects, such that the percentage of all visitors represented by honey bees increases with flower abundance. Thus, honey bees could disproportionately impact the most abundantly blooming plant species and the large numbers of both specialized and generalized pollinator species that they sustain. Honey bees may preferentially exploit high-abundance floral resources because of their ability to recruit nest-mates; these foraging patterns may cause native insect species to forage on lower-abundance resources to avoid competition. Our results illustrate the importance of understanding foraging patterns of introduced pollinators in order to reveal their ecological impacts.
Introduction
Given that interactions between plants and pollinators are often highly generalized, they are susceptible to perturbation by generalist, non-native pollinators [1, 2] . As with invasions in general [3] , the non-native species most likely to disrupt interactions between plants and pollinators include those that achieve high levels of abundance or that have a large per capita ecological effect. For example, non-native plant species that reach high abundance can depress reproduction of native plants through competition for pollinators (e.g. [4, 5] ). On the other hand, factors influencing per capita ecological effect reflect not only invader traits but also how those traits compare to those of native species [6] . For instance, eusocial yellowjacket wasps introduced to the Hawaiian Islands fundamentally differ from the solitary native insects that visit flowers in this region and negatively impact plant reproduction [7, 8] .
In this study, we examine how the foraging behaviour of the non-native western honey bee (Apis mellifera L.) differs from that of native insects foraging in natural ecosystems. Native to parts of Europe, the Middle East and Africa, the western honey bee (hereafter 'honey bee') now occurs widely throughout the New World, Asia and Oceania, where it has been intentionally introduced for honey production and crop pollination [9] . Honey bees often establish feral populations throughout their large introduced range (e.g. [10, 11] ). Despite the status of A. mellifera as a geographically widespread and locally abundant introduced species, the ecological effects of honey bee introductions remain & 2019 The Author(s) Published by the Royal Society. All rights reserved.
incompletely understood [11, 12] , in part owing to the difficulty in assessing the effects of honey bees on populations of native pollinating insects. However, recent acknowledgement of the potential for negative ecological impacts of honey bee introductions (e.g. [13, 14] ), and an improved empirical understanding of the ability of honey bees to depress reproduction or population sizes of native pollinating insects [15] [16] [17] [18] and to affect plant reproductive success [19, 20] , demonstrate the clear need for further work evaluating the impacts of this widespread species in natural habitats.
Here, we examine how patterns of visitation between honey bees and other insects vary as a function of flower abundance in coastal sage scrub ecosystems of San Diego County, southern California, USA. Honey bees account for approximately 75% of all floral visitors in coastal sage scrub habitats, one of the highest levels of numerical dominance by honey bees in plant -pollinator interaction networks from natural habitats worldwide [21] . Thus the San Diego region should be instructive with regards to how nonnative honey bees impact pollination mutualisms. The San Diego region is also part of a global hotspot of plant and pollinator diversity. San Diego County alone supports over 600 species of native bees [22] , a diversity of other pollinating insects, and the highest plant species richness of any county in the United States [23] with insects serving as pollinators of many of these plant species. It thus seems important to clarify how non-native honey bees affect pollination mutualisms in this system.
Besides attaining high local abundance, honey bees differ from most native insect pollinators in coastal sage scrub ecosystems because of their ability to form populous, long-lived colonies and to communicate information about the quality and location of food to nest-mates. These behavioural attributes presumably enable non-native honey bees to differentially exploit high density, or locally abundant resources. By contrast, the great majority of native floral visitors in this region are solitary insects that are unlikely to communicate resource locations to others.
We quantified differences in floral visitation patterns of honey bees and other insects at replicate coastal sage scrub sites across a typical flowering season to address two questions. (i) At the level of the local community of plants and floral visitors, do the numbers of visiting honey bees and non-honey bee insects increase with flower abundance? (ii) At the level of the individual plant species, do the numbers of honey bees and native insect visitors increase with flower abundance? These questions are aimed at discerning the foraging habits of non-native honey bees and how they may differ from those of native insects. Evaluating differences in floral visitation by honey bees and native insects as a function of flower abundance sheds light on the impact of honey bees across the gradient of floral resource availability in space and time, and enables identification of the plant taxa (and their associated pollinators) that may be disproportionately influenced by these impacts.
Material and methods (a) Study system
Floral visitor and flower abundance data were collected in 2016 at 12 different study sites in coastal sage scrub habitat in San Diego County, CA, from late February to July, the peak blooming season [24] . Details about study sites are presented in electronic supplementary material S1 and S2, table S1-1 and figure S2-1, respectively. Coastal sage scrub supports a rich assemblage of largely insect-pollinated plant species, dominated by relatively short-statured drought-deciduous perennial shrubs intermixed with annual forbs and (largely non-native) grasses [24] . Among the 45 insect-pollinated plant species on which we observed floral visitors, the most abundant species vary with time of season and across plots, but often include Salvia mellifera Greene, S. apiana Jeps., Eriogonum fasiculatum Benth., Malosma laurina (Nutt.) Nutt. ex Abrams and Deinandra fasciculata (DC.) Greene (see electronic supplementary material S1, table S1-2). Including honey bees, we recorded 269 insect taxa (species or morphogroups) with body lengths greater than or equal to 2 mm (the minimum size we could reliably detect) visiting flowers in this study: 167 Hymenoptera (of which 113 were bees), 77 Diptera, 15 Lepidoptera and 10 Coleoptera (see electronic supplementary material S1, table S1-3). For our analyses, visitors were classified as either honey bees or non-honey bee insects. The vast majority of non-honey bee visitors were native insects (see electronic supplementary material S1, table S1-3). Floral visitor surveys were always conducted on warm (greater than 198C), sunny days (less than 30% cloud cover) to capture the peak activity of flower-visiting insects. Previous work in this region documented that most honey bee foragers in non-agricultural habitats originate from feral, Africanized colonies rather than managed hives [10] .
(b) Sampling methods
We employed two approaches to quantify patterns of floral visitation. These differed with respect to the frequency of survey visits, the level of replication, and whether the number of floral visitors was quantified using timed transects or timed observations of a fixed number of flowers of each flowering species. 'Approach 1' involved 16 surveys conducted every 4 -5 days at a single site to examine patterns of flower abundance and visitation with high temporal resolution. At this site, we established five transects (50 m Â 2 m) that were separated from one another by 30 -50 m. During each survey, we spent 10 -15 min walking the length of each transect and counted all floral visitors observed and what plant species they visited. On each survey day, data were collected for each transect once in the morning (10.00 h -11.30 h) and once in the afternoon (12.30 h -14.30 h) in order to account for diel variation in the activity of different floral visitor taxa. In this approach, the allocation of effort across plant species is proportional to the frequency of plantpollinator interactions, enabling a direct comparison of the numbers of visiting honey bees and non-honey bee insects across plant species and sampling dates.
'Approach 2' involved six surveys conducted approximately every two weeks in 1 ha study plots at 11 additional study sites. In Approach 2, each site visit consisted of 15 repetitions of 1 min timed observations on each insect-pollinated plant species in bloom, and pollinated by insects at least 2 mm in length, within the study plot. Between 09.00 h and 15.00 h, we observed a single patch of conspecific plants for 60 s, counting all floral visitors present as well as those that arrived within this observation period. After 60 s, we moved on to the next patch. Patch sizes were determined by our ability to count floral visitors in our field of view, and thus ranged from a portion of the inflorescences present on a single large shrub (e.g. Malosma laurina) to over a hundred individuals for small, annual forbs (e.g. Deinandra fasciculata). For each plant species at each study site during a given survey, the same number of flowers were observed in each observation patch. The surveys in Approach 2 were performed as part of a separate study to examine the structure of plant-pollinator interaction networks in our study system, and used equal royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182901 observation effort for each plant species, the preferred method for constructing empirical pollination networks (see [25] ). Nevertheless, data collected using this approach can be used to estimate the relationships between visitor numbers and flower abundances when combined with data on total flower abundances within each site (see below) and are used here to assess the generality of the patterns observed using Approach 1.
For both sampling approaches, we estimated total flower abundance of individual plant species at each site using the same methods. During each survey, we estimated the abundance of all open flowers of each insect-pollinated plant species in transects (Approach 1) or 1 ha study plots (Approach 2). Owing to variation in the floral architectures and abundances of plant species [24] , we estimated flower abundance for different plant species using a variety of strategies (see electronic supplementary material S1, table S1-2). Briefly, we counted increasingly larger components of flower abundance (e.g. number of flowers on a branch, number of branches on an individual plant) and then multiplied across all components to obtain estimates of flower abundance at the level of transects (Approach 1) or study plots (Approach 2). We counted 3-6 replicates per component to obtain averages, except for the largest component (for instance, the number of patches of a plant at the transect or plot level), which was counted once.
(c) Statistical analysis
All analyses were conducted in program R (v. 3.5.0 [26] ), using packages lme4 [27] , lmerTest [28] , psychometric [29] , reshape2 [30] and plyr [31] . For the dataset collected using Approach 1, we constructed a linear mixed model (LMM) to test how the number of visiting honey bees and non-honey bee insects responded to variation in flower abundance. The response variable in this model is the number of individuals of a particular floral visitor type (honey bees or non-honey bee insects) recorded for each plant species during each survey round, summed across all five transects and both morning and afternoon observations. Independent variables treated as fixed factors were floral visitor type (honey bees or non-honey bee insects), the daily flower abundance of each plant species, and the interaction between floral visitor type and flower abundance. Plant species identity and survey round were included as random effects. To determine whether or not plant species identity affected patterns of visitation, we constructed an alternate model without the inclusion of plant species identity as a random effect, and performed a likelihood ratio test to evaluate the significance of plant species identity.
For the dataset collected using Approach 2, the raw numbers of floral visitors do not directly reflect visitation rates because the number of flowers observed per observation patch varied across plant species, study plots, and survey days and because the raw values do not consider the total number of flowers of each species in a plot on a given survey day. Thus, we estimated plot-level numbers of floral visitors for each plant species and floral visitor type on each day as the mean number of visitors of that type counted during a 1 min observation of a focal patch of a plant species, multiplied by the total number of flowers of that species on that day in the plot, and then divided by the number of flowers of that species in a focal patch.
To test for relationships among floral visitor type, the number of floral visitors and flower abundance using these plot-level estimates of the numbers of floral visitors, we constructed an LMM structured similarly to the model described for Approach 1, with the exception that study plot identity was included as an additional random effect. As in Approach 1, we evaluated the effect of plant species identity using a likelihood ratio test. We also used the dataset of Approach 2 to test for differences among taxonomic orders of native insects in their responses to variation in flower abundance (see electronic supplementary material, S3).
In order to examine how the relative numerical dominance of honey bees varies across the range of documented flower abundances, we constructed a generalized linear mixed model with a binomial distribution (link ¼ logit). In short, the outcome of a binomial regression model is based on a binomial distribution of 'successes' versus 'failures' [32] , which enables the modelling of proportion data drawn from a population of discrete, binary outcomes. In our case, the response variable is the number of honey bees (successes) versus the number of non-honey bee visitors (failures) recorded for each plant species during each survey round. The independent variable is the daily flower abundance of each plant species (fixed factor; log 10 -transformed). As with the previous models, random factors included plant species identity, survey round, and study plot identity (for data from Approach 2), and we again evaluated the effect of plant species identity using a likelihood ratio test.
The analyses described thus far quantify patterns of visitation by honey bees and non-honey bee visitors across all plant species present at each study site. To examine the degree to which honey bees and other insect visitors differ in their response to variation in flower abundance within individual plant species, we estimated the slope of the relationship between the number of floral visitors of each type and flower abundance for every plant species individually. These comparisons provide a test of the hypothesis that the number of honey bees visiting a given species will increase with flower abundance at a higher rate compared to that of non-honey bee insects. To compare slopes across a wide range of flower abundances, slope estimates were standardized for each plant species by scaling flower abundances to a mean of zero and standard deviation of one, across all sampling rounds and all study sites. Visitation data for honey bee and non-honey bee visitors were scaled to a common, pooled, mean and standard deviation for each plant species. In order to examine whether plant-and floral visitor-specific slope estimates differed between plants of low versus high flower abundance, standardized slope estimates were used as the response variable in a multiple regression with visitor type (honey bee or non-honey bee), maximum recorded flower abundance (log 10 transformed), and their interaction as independent variables. For this analysis, we excluded all plant species for which there were fewer than five data points (one species in Approach 1, 21 species in Approach 2), as well as all plant species for which we recorded zero honey bee or non-honey bee insect visits in at least 80% of data points (four species in Approach 2), since the sign and magnitude of the slope cannot be reliably estimated when there are few non-zero data points.
Results
For the data obtained using Approach 1, employed at a single study site, honey bees represented 73% of the 2539 recorded insects visiting 10 plant species. The number of floral visitors increased with overall flower abundance (table 1), but the significant interaction between flower abundance and floral visitor type indicates that the number of visiting honey bees increased with flower abundance to a greater degree than did the number of other visiting insects, which exhibited little variation across the observed range of flower abundances ( figure 1a and table 1) .
The pattern depicted in figure 1a was also evident across larger spatial scales. In the dataset obtained using Approach 2, employed at 11 study sites, honey bees made up 73% of the 13 785 recorded insects visiting 45 plant species. Here, as with results from Approach 1, a significant interaction between royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182901 flower abundance and floral visitor identity indicates that honey bees increased in abundance at a higher rate than did non-honey bee insects in response to increasing flower abundance ( figure 1b and table 1) . In both datasets, plant species identity was not a significant predictor of the number of floral visitors (table 1). While the numbers of both visitor types increased significantly with flower abundance, honey bees are estimated to have increased around 12-13 times as fast as non-honey bee visitors (see electronic supplementary material S1, table S1-4). The responses of non-honey bee visitors to flower abundance did not differ across taxonomic orders of insects (see electronic supplementary material, S3).
Although honey bees constituted 73% of recorded floral visitors overall, their proportional representation significantly differed across the range of flower abundances in datasets from both approaches (table 1). The percentage of visitors represented by honey bees tended to be low when plant species were not blooming abundantly, but was generally high on plant species that reached the highest estimated flower abundances ( figure 2a,b) . The proportional representation of honey bees differed significantly across plant species in datasets from both approaches (table 1) .
The pattern of increasing numerical dominance by honey bees with increasing flower abundance was broadly consistent across individual plant species for data collected using both approaches (figure 3). For plants that never achieved high flower abundance (maximum recorded abundance less than 10 4 ), there was little pattern as to whether or not honey bees or non-honey bee insects increased faster with flower abundance (figure 3). But for plants that attained higher flower abundances (greater than 10 4 ), honey bee visitors usually increased at greater rates than did non-honey bee visitors. The one exception to this trend (see arrows, figure 3) was Cryptantha intermedia (A. Gray) Greene, for which visits by non-honey bee insects sharply increased with flower abundance while honey bee visitation was uniformly low and did not increase with flower abundance. Despite this exception, multiple regression analyses of plant-specific standardized slope estimates for both datasets revealed that the slope of the relationship between the number of visitors and flower abundance was overall higher for honey bees than for non-honey bee insects (table 1), and that a significant interaction was evident between visitor type (honey bees and non-honey bee insects) and maximum recorded flower abundance (table 1) . Across plant species, maximum flower abundance is strongly and positively related to the range of flower abundance (i.e. the difference between maximum and minimum recorded flower abundance), such that plant species with the highest maximum flower abundance also spanned the largest range in flower abundance (R 2 . 0.99 for linear regression between log 10 -transformed maximum and range of flower abundance for both approaches).
Discussion
To our knowledge, this study describes the first communitylevel analysis that relates visitation by non-native honey bees and native insects to variation in flower abundance across space and time. species-specific traits may play some role in determining floral visitor preferences, particularly for low-abundance plant species (figure 3). For individual plant species, those that produced the most flowers generally exhibited visitation patterns that mirrored those of the community as a whole: honey bees generally increased faster with increasing flower abundance than did non-honey bee insects ( figure 3 ). Methods used to estimate flower abundances varied among plant species (see electronic supplementary material S1, table S1-2), and we did not attempt to quantify interspecific variation in the quality or quantity of pollen or nectar per flower. Despite these limitations, estimated flower abundances strongly predicted variation in the number of visiting honey bees, implying that our methods captured ecologically relevant variation in floral resource availability. One reason that our estimates of flower abundance appear meaningful may be that many of the plant species in coastal sage scrub produce large clusters of small flowers that attract numerous insect taxa [33] . For example, Deinandra fasciculata, a common annual composite forb in this system, attracts 70 different taxa of floral visitors [34] . The preponderance of generalist plant species in coastal sage scrub may help to explain why flower abundance, rather than plant species identity, emerged as the strongest predictor of variation in floral visitors.
The near absence of a response by non-honey bee visitors to increasing flower abundance requires explanation. Given that honey bees have been present in California since the 1850s [35] , no baseline data exist bearing on patterns of floral visitation or abundances of native insects prior to the introduction of honey bees. Currently, most non-honey bee floral visitors in this system are solitary insects, while bumble bees and yellowjacket wasps, the only native floral visitors thought to coordinate long-distance foraging via recruiting nest-mates [36 -38] , make up only 0.2% of floral visitors (see electronic supplementary material S1, table S1-3). Perhaps assemblages consisting of primarily solitary insects, each operating independently within a limited foraging range, lack the ability to collectively respond within a season to fluctuations in flower abundances.
At least some studies that focused on single plant species, however, find that visitation by non-honey bee insects increases strongly either with the size of the patch [39, 40] or the size of the floral display [41] . In the present study, we obtained evidence that the number of non-honey bee visitors increased strongly with flower abundance for some low- . On low-abundance plant species, there may be reduced competition with honey bees, which tend to ignore these plants. However, and perhaps instructively, non-honey bee visitors to C. intermedia strongly increased with increasing flower abundance, with a slope similar in magnitude to those exhibited by honey bees visiting other abundantly flowering plant species (figure 3). By contrast, C. intermedia was the only abundantly flowering plant species for which numbers of honey bees were uniformly low across the range of flower abundances, perhaps because honey bees struggle to access floral rewards through its extremely narrow floral tube. Rather than being unable to respond to abundant floral resources, numbers of native insects may not increase in parallel with honey bees because they alter their foraging behaviour in response to the activities of abundant honey bees. For example, non-honey bee floral visitors have been known to switch from abundant and presumably highquality food resources to alternative species when local densities of honey bee foragers increase [42, 43] . In our system, it may be possible to examine changes in the foraging behaviours of non-honey bee insects through the use of targeted removals of honey bee foragers from focal patches of plant species [34, 44] .
In addition to the possibility that honey bees alter the foraging behaviour of non-honey bee insects, native floral visitor populations in our system may currently be reduced in size due to competition from honey bees. Honey bees harvest large amounts of pollen and nectar to support their large, long-lived colonies consisting of individuals that are themselves large by comparison to most native floral visitors [13] . Forces that currently limit population sizes of native floral visitors are largely unknown, though floral resource limitation appears to be among the best-documented factors [45] , and there is evidence that non-honey bee abundance is negatively correlated with honey bee abundance in the previous year [46] . In particular, honey bees may exert especially strong competitive pressure on other highly eusocial species such as bumble bees [16, 17] , given their high niche overlap in terms of diet breadth, phenology, and foraging behaviour. The most useful experiments to evaluate the impact of honey bees on populations of native floral visitors would involve long-term, large-scale removals of non-native honey bees from non-agricultural areas. Such experiments are difficult, but warranted.
In addition to potential effects on native floral visitors, high rates of honey bee visitation, particularly on the most abundant plant species, could affect plant reproductive success. Honey bees may add pollination services and increase seed set in some species [20, 34] . However, several authors suggest that too many visits, particularly by large, highly abundant and sometimes non-native floral visitors, can reduce plant reproductive success [19, 42, 47] . Mechanisms for this negative effect vary, but can include the effects of floral damage from over-visitation and clogging stigmas with too much pollen. In addition, honey bees often make more visits to flowers on the same plant before moving on to the next plant compared to other insect visitors [48, 49] . We have preliminary data indicating a near twofold increase in same-plant visits by honey bees relative to native insects across several plant species in our system. This pattern of visitation could increase rates of self-fertilization [50] and reduce offspring fitness through inbreeding depression.
The results of this study document a previously underappreciated aspect of the foraging behaviour of honey bees. Honey bees are not only numerically dominant visitors in our system, but their level of dominance increases with flower abundance. As a result, they probably obtain the lion's share of floral resources removed from the most abundantly blooming plant species, which often form the stabilizing 'core' of local pollination networks [51] . This finding suggests that honey bees may have disproportionate impacts on the ecology and evolution of plant species that play a critical role in the structural integrity of pollination mutualisms. Additionally, since such 'core' plant species are instrumental in sustaining large numbers of both specialized and generalized floral visitors [52] , honey bees may also have important impacts on native floral visitor assemblages. On the other hand, native insects often numerically dominate plants with lower flower abundances, which provide a partial refuge relatively free of honey bees (figure 3), although this pattern is also consistent with non-honey bee insects switching to alternative floral resources to minimize competition with honey bees [42, 53] . To the extent that our findings are royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182901 generalizable, they represent a notable divergence in the foraging patterns of honey bees versus those of other floral visitors. The observed patterns may shed light on which plant -pollinator interactions are particularly influenced by the presence of abundant, non-native, social pollinators and demonstrate the importance of considering the foraging behaviour of non-native pollinators when investigating their impacts on native plant -pollinator mutualisms.
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